Francisella tularensis is a facultative intracellular pathogen that infects a wide variety of mammals and causes tularemia in humans. It is recognized as a potential agent of bioterrorism due to its low infectious dose and multiple routes of transmission. To date, genetic manipulation in Francisella spp. has been limited due to the inefficiency of DNA transformation, the relative lack of useful selective markers, and the lack of stably replicating plasmids. Therefore, the goal of this study was to develop an enhanced shuttle plasmid that could be utilized for a variety of genetic procedures in both Francisella and Escherichia coli. A hybrid plasmid, pFNLTP1, was isolated that was transformed by electroporation at frequencies of >1 ؋ 10 7 CFU g of DNA
Francisella tularensis is a gram-negative, facultative intracellular pathogen that causes an acute febrile illness in humans called tularemia. Several Francisella species and subspecies are recognized, including (i) the virulent subspecies F. tularensis subsp. tularensis (type A) found in North America, (ii) the less virulent subspecies F. tularensis subsp. holarctica (type B) found in Europe, Asia, and throughout North America, (iii) F. tularensis subsp. mediasiatica, and (iv) F. novicida (35, 38) . There is a high degree of genetic conservation among the subspecies despite differences in virulence (6) . F. tularensis LVS (live vaccine strain), derived from F. tularensis subsp. holarctica (type B) (9) , is a good model organism for pathogenesis since it provides limited protection against tularemia in humans while retaining virulence in mice (7, 14) . The main intracellular compartment within macrophages for F. tularensis replication appears to be an immature acidified vacuole, in which Francisella is postulated to inhibit phagosome-lysosome fusion (2, 12) . However, recent evidence suggests that F. tularensis LVS is initially localized in a phagosome but escapes into the cytoplasm within a few hours after uptake (15) .
Little is known about the virulence factors of Francisella, in part due to the lack of useful genetic tools. Although transformation of plasmids containing Francisella genomic DNA has been reported, the use of these tools is limited due to integration of the plasmids into the chromosome or the relatively low transformation frequency (3) . One of the main genetic tools manipulated for Francisella studies is pFNL10, the native plasmid from F. novicida F6168 (29) . pFNL10 replicates in F. tularensis LVS and F. novicida U112 and is stably inherited, making it potentially useful in a variety of Francisella strains (29) . However, the utilization of pFNL10 for genetic studies in Francisella spp. is limited due to the inability of this plasmid to replicate in Escherichia coli and the lack of selectable markers. Plasmid derivatives of pFNL10 have been described. However, they exhibit variable transformation efficiencies, cannot replicate in E. coli, are unstable during growth of Francisella spp. in vivo, or carry antibiotic resistance determinants that are not amenable to genetic studies in type A clinical strains of F. tularensis (27, 29, 30) .
The lack of sufficient genetic tools and the inability to efficiently introduce DNA have also made the isolation of Francisella strains attenuated in virulence difficult. Mutagenesis of F. novicida with chemicals (26) , with transposons (5, 8, 18) , and by allelic replacement (23) has been described. It has been more difficult to obtain mutants of F. tularensis LVS, and only a handful of such mutants have been isolated by chemical mutagenesis (34) or allelic replacement (16) . Importantly, no mutants of virulent type A F. tularensis strains have been isolated, and there are no general cloning vectors that allow complementation analysis of constructed mutants. Thus, de-velopment of novel genetic tools for Francisella is essential if more extensive mutagenesis and complementation analyses are to be conducted with Francisella in the future.
The purpose of this study was to develop a shuttle plasmid that could be used for genetic procedures in Francisella, including characterization of virulence determinants. The ideal plasmid should meet several criteria, including (i) autonomous replication in both Francisella spp. and E. coli, (ii) expression of suitable antibiotic resistance markers, (iii) transformation at a high efficiency, (iv) stability in vitro and in vivo, and (v) no affect on growth or virulence characteristics of Francisella. A shuttle plasmid designated pFNLTP1 that meets the criteria described above was constructed, and this plasmid is a new high-efficiency genetic tool for Francisella. Isolation of useful cloning derivatives containing expanded multiple cloning sites and a temperature-sensitive replicon is also reported here. The utility of pFNLTP1 and its derivatives was demonstrated through its use as a vehicle for gene expression and complementation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . F. tularensis LVS and F. novicida U112 were routinely grown at 37°C in modified Mueller-Hinton (MH) broth or on MH agar (Difco Laboratories, Detroit, Mich.) containing 0.1% glucose, 0.025% ferric pyrophosphate, and 2% IsoVitaleX (Becton Dickinson, Cockeysville, Md.); MH agar also contained 2.5% donor calf or fetal bovine serum (Invitrogen, Carlsbad, Calif.). Alternatively, cysteine heart agar (Difco) with 5% defibrinated horse blood (Becton Dickinson) was used. When required, the growth medium for F. tularensis LVS and F. novicida U112 was supplemented with kanamycin (10 g ml Ϫ1 for LVS and 30 g ml Ϫ1 for U112) or streptomycin (100 g ml Ϫ1 ) for selection of rpsL alleles. All manipulations with Francisella spp. were performed in a class II biological safety cabinet (The Baker Company, Sanford, Maine). E. coli DH5␣ and HB101 were grown at 37°C aerobically in Luria-Bertani (LB) medium (Difco) supplemented with kanamycin (50 g ml Ϫ1 ), streptomycin (100 g ml Ϫ1 ), or ampicillin (100 g ml Ϫ1 ) when required. ). Francisella genomic DNA was isolated from cell pellets treated with 10% sodium dodecyl sulfate and proteinase K, followed by precipitation with cetyltrimethylammonium bromide (39) , or by using a QIAGEN Genomic-Tip kit (QIAGEN). DNA fragments were purified with either a QIAquick gel extraction kit or a QIAquick PCR purification kit (QIAGEN). DNA sequencing was performed by using an ABI PRISM BigDye terminator cycle sequencing Ready Reaction kit and an automated long capillary method (ABI PRISM 3100 genetic analyzer; Applied Biosystems, Foster City, Calif.). Computer-assisted sequence analysis was performed with Sequencher (Gene Codes Corporation, Ann Arbor, Mich.). Custom oligonucleotide primers were synthesized by QIAGEN, and the primers used in this study are listed in Table 1 . DNA maps were constructed by using MacPlasmap Pro (CGC Scientific, Inc, Ballwin, Mo.).
Electroporation and chemical transformation. Aerobically grown mid-logarithmic-phase electrocompetent E. coli cells were prepared by using 10% glycerol, and electroporation was performed by using a Bio-Rad Gene Pulser II with a 0.2-cm cuvette as recommended by the manufacturer. The gene pulser settings included a voltage of 2.5 kV, a capacitance of 25 F, and a resistance of 200 ⍀. After electroporation, cells were immediately placed into 1 ml of SOC medium (32) , incubated with shaking for 1 h at 37°C, and plated on LB agar with the appropriate antibiotic(s). Chemical transformation of E. coli was performed as described previously (19) .
For electroporation of Francisella spp., MH broth cultures (50 ml) were grown to the mid-exponential phase (optical density at 550 nm, 0.3 to 0.6), washed two times with 0.5 M sucrose (Boehringer Mannheim Biochemicals, Indianapolis, Ind.), and suspended in ϳ1 ml of 0.5 M sucrose to obtain a concentration of ϳ1 ϫ 10 10 cells ml Ϫ1 . For electroporation, ϳ1 l of plasmid DNA (ϳ100 g/ml) was mixed with 200 l of electrocompetent cells, incubated at room temperature for 10 min, and electroporated in a 0.2-cm cuvette by using the following gene pulser settings: 2.5 kV, 25 F, and 600 ⍀. Immediately after electroporation, cells were suspended in 1 ml of MH broth and incubated at the appropriate temperature (30 or 37°C) for 4 h (F. tularensis LVS) or 2 h (F. novicida U112) before selection on MH agar containing the appropriate antibiotic(s).
F. tularensis LVS macrophage infection and fluorescent microscopy. F. tularensis LVS derivatives were grown to the mid-exponential phase in MH broth and suspended in prewarmed Dulbecco's modified Eagle's medium (DMEM) (Sigma) supplemented with 10% fetal bovine serum (Invitrogen) and 4 mM L-glutamine (Invitrogen). The murine BALB/c macrophage cell line J774A.1 (ATCC TIB-67) was maintained in supplemented DMEM at 37°C in humidified air containing 5% CO 2 . For infection, 4 ϫ 10 5 macrophages were seeded into wells of a 12-well tissue culture plate and infected with F. tularensis LVS at a multiplicity of infection (MOI) of 1 bacterium per macrophage in DMEM. Macrophages were allowed to ingest bacteria for 2 h before extracellular bacteria were removed by two washes with DMEM. At various times (2 h and 1, 2, and 3 days), macrophage monolayers were lysed with distilled water, and the number of CFU of F. tularensis LVS per milliliter was determined by plating various dilutions prepared in phosphate-buffered saline (PBS). As previously reported (2, 13) and also observed by us (data not shown), DMEM is an unfavorable environment for F. tularensis LVS growth, which eliminated the need for gentamicin treatment for removal of extracellular bacteria.
For fluorescent microscopy, 8 ϫ 10 5 J774A.1 macrophages were seeded in 35-mm dishes containing 8-cm 2 coverslips, and infection was carried out as described above. Cells were fixed with 3.7% paraformaldehyde for 10 min at room temperature, washed twice with PBS, permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature, and then washed with three changes of 0.2% Triton X-100 in PBS over 5 min. Mouse monoclonal F. tularensis anti-lipopolysaccharide (LPS) antibody (1:2,000 dilution; Advanced ImmunoChemical Inc., Long Beach, Calif.) diluted in PBS with 0.2% Triton X-100 and 3% bovine serum albumin was then added and incubated for 1 h at room temperature. The cells were washed three times with 0.2% Triton X-100 in PBS and incubated with Cy3-conjugated goat anti-mouse monoclonal immunoglobulin G (IgG) antibody (1:13,500 dilution; Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) diluted in PBS with 0.2% Triton X-100 and 3% bovine serum albumin for 20 min at room temperature. Control slides treated with the Cy3 monoclonal IgG antibody but not the primary F. tularensis anti-LPS antibody were also analyzed to confirm the specificity of the signal. Finally, macrophages were washed three times with 0.2% Triton X-100 in PBS and mounted on slides by using a ProLong Anti-Fade kit (Molecular Probes, Eugene, Oreg.). Green fluorescent protein (GFP) and Cy3 fluorescent images were captured by using an Eclipse 600 epifluorescence microscope equipped with a ϫ100 N.A. 1.4 objective (Nikon, Melville, N.Y.) interfaced to a Micromax-Interline Transfer chargecoupled device camera (Princeton Instruments, Inc., Monmouth Junction, N.J.) and Metamorph imaging software (Universal Imaging Corp., Downingtown, Pa.).
Western blot analysis. The total protein of F. tularensis LVS cell lysates was determined by using a bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.) and a Molecular Devices Spectra Max 340 with the Softmax Pro 4.0 software (Molecular Devices Corporation, Sunnyvale, Calif.). Protein samples were boiled for 5 min in loading buffer, separated on 10% polyacrylamide-sodium dodecyl sulfate gels, and transferred to nitrocellulose membranes (Schleicher and Schuell BioScience, Inc., Keene, N.H.) by standard methods. The membranes were blocked with 5% skim milk for 30 min and then incubated with primary antibody overnight with gentle shaking at 4°C by using either a mouse monoclonal F. tularensis anti-LPS antibody (1:8,000 dilution; Advanced ImmunoChemical Inc.) or a mouse monoclonal anti-GFP antibody (1:5,000 dilution; Covance, Princeton, N.J.). The blots were washed with Tris-buffered saline before application of a mouse horseradish peroxidase secondary antibody (1:10,000 dilution; Roche Molecular Biochemical, Indianapolis, Ind.) for 2 h with gentle shaking at room temperature. The SuperSignal West Pico chemiluminescent substrate (Pierce) was used to detect bound peroxidase. The membranes were exposed to BX57 film (Midwest Scientific, St. Louis, Mo.). Quantitation of GFP was performed by using purified recombinant GFP (Clontech, Palo Alto, Calif.) as a standard, and the relative concentration of GFP was assessed by using NIH Image (http: //rsb.info.nih.gov/nih-image/).
Isolation of pFNLTP1 derivatives with expanded multiple cloning sites or with a temperature-sensitive Francisella replicon. Several multiple cloning sites (designated MCS1 to MCS4) were designed as oligonucleotides and used to introduce new restriction enzyme sites into pFNLTP1, creating pFNLTP5 to pFNLTP8 (Table 1) . Complementary oligonucleotides containing KpnI and BamHI restriction enzyme sites at either end were annealed at 95°C for 2 min and cooled to room temperature. pFNLTP1 was digested with KpnI and BamHI before ligation with the annealed oligonucleotides. All derivatives were confirmed by DNA sequencing. For isolation of temperature-sensitive derivatives of pFNLTP1, plasmid DNA was treated with 7 M hydroxylamine overnight at 37°C or for 1 h at 70°C and subsequently dialyzed. The hydroxylamine-treated pFNLTP1 was electroporated into F. tularensis LVS, and various dilutions were plated on MH agar with kanamycin (10 g ml Ϫ1 ) at the permissive temperature (32°C). Plates containing 100 to 200 colonies were then replica plated onto MH agar containing kanamycin and incubated either at the permissive temperature (32°C) or at the nonpermissive temperature (42°C). Individual transformants that grew well at 32°C but failed to grow at 42°C were recovered as temperature sensitive and were characterized further. One isolate, pFNLTP9, was chosen for further study, and DNA sequencing was performed to determine the mutation responsible for the temperature-sensitive phenotype. GFP expression in F. tularensis LVS with pFNLTP1 derivatives. A promoterless gfp gene (25) was amplified with primers G1 and G2 and cloned into the BamHI site of pFNLTP6 (Table 1) . Francisella promoters were amplified from the F. tularensis LVS genome by using primers P1 and P2 specific for the groE operon (11) or primers P3 and P4 specific for acpA (31) and were cloned upstream of gfp by using KpnI (Table 1 ). All constructs were verified by DNA sequencing.
Complementation of streptomycin-resistant E. coli HB101 and F. tularensis LVS strains with pFNLTP1. The wild-type rpsL gene and its promoter region were amplified from F. tularensis LVS genomic DNA (rpsL LVS ) by using primers R1 and R2 and were cloned into BamHI-digested pFNLTP1 (Table 1) . Both pFNLTP1 and pFNLTP1 rpsL LVS were electroporated into the E. coli HB101 and F. tularensis LVS rpsL strains, and their sensitivity to streptomycin was assessed by growth in the presence and absence of streptomycin. A spontaneous F. tularensis LVS rpsL mutant was isolated on MH agar containing 100 g of streptomycin ml
Ϫ1 , and the genotype of rpsL was confirmed by DNA sequencing.
Nucleotide sequence accession numbers. 
RESULTS
Isolation and characterization of pFNLTP1 and other deletion derivatives of pTOPO/FNL10. Several plasmid derivatives of the cryptic Francisella plasmid pFNL10 have been constructed (22, (27) (28) (29) (30) . These plasmids can replicate in Francisella but generally are not optimal for genetic studies because of their variable transformation efficiencies, failure to replicate in E. coli, or instability in vivo (27, 29) . To develop a useful shuttle plasmid for Francisella, we fused pCR2.1-TOPO and pFNL10 (SpeI/NheI ligation) and selected for kanamycin-resistant transformants in E. coli DH5␣ (Fig. 1A) . The resulting plasmid, pTOPO/FNL10, was then introduced into F. tularensis LVS by electroporation, and transformants were selected on MH agar containing kanamycin. A single kanamycin-resistant colony was obtained and was demonstrated to be F. tularensis LVS by Western blot analysis of cellular lysates performed with a mouse monoclonal antibody specific for F. tularensis LPS (data not shown). To confirm that antibiotic resistance was a result of pTOPO/FNL10 introduction and not due to a spontaneous mutation, plasmid DNA was isolated from the single transformant, and several restriction enzyme digestions were performed (Fig. 1B) . This analysis confirmed the presence of a replicating plasmid in F. tularensis LVS. Restriction mapping indicated that the plasmid isolated from F. tularensis LVS (designated pFNLTP1) was genetically distinct from the original plasmid, pTOPO/FNL10 (Fig. 1) . For example, digestion of pTOPO/FNL10 with SphI produced 4-, 2.4-, and 1.5-kb fragments, while digestion of pFNLTP1 with SphI resulted in 4-and 2.9-kb fragments. Similarly, digestion of pTOPO/FNL10 with BglII produced 5-and 3-kb fragments, while digestion of pFNLTP1 with BglII produced 5-and 2-kb fragments. Taken together, these restriction enzyme digestion results suggested that ϳ1 kb of DNA had been spontaneously deleted in pFNLTP1. Next, the sequence of pFNLTP1 was determined to map the exact location of the deletion (Fig. 1A) . This analysis confirmed that approximately 1 kb of DNA, corresponding to regions present in both pCR2.1-TOPO and pFNL10, was lost (Fig. 1) .
Repetition of the F. tularensis LVS electroporation experiments with pTOPO/FNL10 yielded three additional plasmid derivatives (pFNLTP2 to pFNLTP4) (Fig. 1C) . All transformants isolated in F. tularensis LVS possessed plasmid DNA whose restriction pattern differed slightly from that of pFNLTP1 (data not shown). This analysis indicated that similar to pFNLTP1, pFNLTP2 to pFNLTP4 were deletion products in which DNA surrounding the ligation junction between the original two plasmids was missing. To confirm this observation, the region between repA of pFNL10 and npt of pCR2.1-TOPO was sequenced to map the precise boundaries of each deletion. All plasmids derived from F. tularensis LVS passage had complete deletions of orfm (pFNL10) and partial or complete deletions of orf4 (pFNL10) and the fl ori (pCR2.1-TOPO). 
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Efficiency of transformation of pFNLTP1 and pTOPO/ FNL10 into E. coli DH5␣, F. tularensis LVS, and F. novicida U112. A comparative analysis was performed to measure the frequencies of transformation between the original pTOPO/ FNL10 plasmid and one of the deletion derivatives isolated from F. tularensis LVS (pFNLTP1). pTOPO/FNL10 had a high frequency of transformation (ϳ5 ϫ 10 7 CFU g of DNA Ϫ1 ) in DH5␣ (Fig. 2, bar A) . As in our initial experiments, few transformants were obtained with F. tularensis LVS (ϳ3 CFU g of DNA Ϫ1 ) or F. novicida U112 (no transformants) (Fig. 2 , bars B and C). In contrast, pFNLTP1 was electroporated into both E. coli DH5␣ and F. tularensis LVS with similar high frequencies (ϳ3 ϫ 10 7 to 6 ϫ 10 7 CFU g of DNA Ϫ1 ) (Fig. 2 , bars D and E). These frequencies of DNA inheritance are at least 2 logs higher than the previously reported frequency for chemical, cryo-, or electrotransformation into any Francisella species (27, 28, 30) . In addition, only a 10-fold decrease in electroporation frequency with pFNLTP1 was observed in F. tularensis LVS when frozen competent cells were used instead of freshly prepared cells (data not shown). When F. novicida U112 was made electrocompetent, a transformation frequency of approximately 2 ϫ 10 3 CFU g of DNA Ϫ1 was observed for pFNLTP1 derived from F. tularensis LVS (Fig. 2, bar F) . This is similar to the frequency observed following electroporation of F. novicida U112 with pFNLTP1 derived from E. coli DH5␣ (Fig. 2, bar J) . Interestingly, this frequency increased substantially when plasmid DNA was isolated from F. novicida U112 and used in subsequent electroporation experiments with F. novicida U112 (ϳ2 ϫ 10 8 CFU g of DNA Ϫ1 ) (Fig. 2, bar H) . In contrast, the frequency of transformation of pFNLTP1 from F. novicida U112 or E. coli DH5␣ into F. tularensis LVS remained unchanged (Fig. 2, bars G and I) . From this series of experiments, we concluded that pFNLTP1 can be electroporated into F. tularensis LVS at a high frequency. In addition, F. novicida U112 may contain a restriction-modification system that limits the rate of transformation with pFNLTP1.
Stability of pFNLTP1 in F. tularensis grown in vitro and in J774A.1 macrophages. The stability of plasmids in hosts grown in vitro and in vivo is an important consideration when genetic studies in which virulence determinants will be characterized are undertaken. pFNLTP1 was maintained in F. tularensis LVS for 3 days during growth in J774A.1 macrophages at a 99.9% efficiency in the absence of selection (data not shown) and also grew and replicated in J774A.1 macrophages to an extent similar to that seen with wild-type strain LVS. We observed a 4-log increase in the number of CFU recovered from the macrophages over a 3-day incubation period (Fig. 3) . Growth of F. tularensis LVS containing pFNLTP1 in MH medium was also studied to determine the stability of the plasmid in vitro. pFNLTP1 was maintained at 100% efficiency in F. tularensis LVS for 10 repeated passages on MH agar without kanamycin selection (data not shown). The presence of pFNLTP1 also did not significantly affect the growth (doubling time) of LVS in MH broth (Fig. 3, inset) . Thus, pFNLTP1 is stable and does not significantly affect the growth of F. tularensis LVS in vitro or in J774A.1 macrophages.
Isolation of a temperature-sensitive pFNLTP1 replicon. Conditionally replicating plasmids are useful vehicles for constructing chromosomal mutations by allelic exchange or for delivering transposons for mutagenesis studies. pFNLTP1 was treated with hydroxylamine and electroporated into F. tularensis LVS, and kanamycin-resistant transformants capable of growing at 32°C (permissive temperature) but not at 42°C (nonpermissive temperature) were isolated. One plasmid derivative exhibiting this phenotype, pFNLTP9, was selected for further analysis, including DNA sequencing to determine the mutation responsible for the temperature-sensitive phenotype and growth studies to determine maintenance of the plasmid. Sequence analysis of pFNLTP9 resulted in identification of a single base pair mutation in repA (G to A), altering amino acid 120 (M120I), that was responsible for the temperature-sensitive phenotype. As expected, this mutation did not result in a temperature-sensitive phenotype when the plasmid was introduced into E. coli DH5␣ (data not shown). To determine the severity of the temperature-sensitive phenotype, F. tularensis LVS carrying pFNLTP9 was subjected to in vitro growth analysis at the permissive and nonpermissive temperatures. Maintenance of pFNLTP9 in F. tularensis LVS was assessed by picking colonies isolated on MH agar at the permissive temperature and patching them onto MH agar with or without kanamycin that was incubated at 32 or 42°C. pFNLTP9 was maintained at 99 to 100% efficiency in F. tularensis LVS at 32°C in the presence or absence of kanamycin (data not shown). This result is consistent with the result obtained previously for the parent plasmid pFNLTP1, which was stably maintained without selection for several generations. In contrast, pFNLTP9 was not maintained in F. tularensis LVS grown on MH agar at 42°C in the presence of selection and exhibited reduced growth rates when the organism was grown at 42°C in the absence of selection (data not shown). These results indicate that pFNLTP9 carries a strong temperature-sensitive mutation that effectively prevents maintenance of this plasmid at 42°C, the nonpermissive temperature. Insertion of multiple cloning sites into pFNLTP1. To take full advantage of the transformation efficiency and stability of pFNLTP1, additional derivatives with expanded multiple cloning sites for cloning were constructed. Oligonucleotides containing unique restriction enzyme sites were cloned into pFNLTP1 between the unique BamHI and KpnI sites. A variety of sites (SmaI, SalI, SpeI, HpaI, NdeI, NotI, NdeI, EcoRI, NheI, XhoI, StuI, PacI) were included to ensure flexibility for cloning manipulations (pFNLTP5 to pFNLTP8) ( Table 1) .
Ectopic expression of gfp in F. tularensis LVS with pFNLTP1 derivatives. To demonstrate the utility of pFNLTP1 for gene expression, gfp-containing derivatives of pFNLTP6 were constructed. First, the gfp gene was amplified and cloned into pFNLTP6. Francisella promoter sequences specific to the groE operon and the acpA genes were amplified and cloned into pFNLTP6 upstream of gfp. The groE operon and acpA promoters were selected based on established expression in Francisella (11, 31) . After growth on MH agar, GFP expression from the reporter constructs was assessed by Western blot analysis of total bacterial proteins or by fluorescence microscopy.
Western blot analysis allowed steady-state quantitation of gfp. Titrations of purified recombinant GFP indicated that the chemiluminescent signal was linear when 10 to 100 ng of protein was loaded per lane (Fig. 4A, lanes 6 to 9) . Titration of total F. tularensis LVS extracts (4 to 12 g per lane) provided signals within the linear range of the Western blot analysis. As expected, F. tularensis LVS containing the promoterless gfp in pFNLTP6 did not express GFP even with the largest amount of total protein sampled (Fig. 4A, lane 1) . In contrast, pFNLTP6 constructs containing gro-gfp or acp-gfp reporter fusions expressed GFP when 4 to 12 g of total protein was loaded per lane (Fig. 4A, lanes 2 to 5) . These data also indicated that GFP expression from F. tularensis LVS(pFNLTP6 gro-gfp) extracts was approximately four-to fivefold greater than GFP expression from extracts of F. tularensis LVS(pFNLTP6 acp-gfp) (Fig.  4A, lanes 2 to 5) .
To determine whether the gfp reporter constructs could be used to visualize bacteria during intracellular growth in macrophages, strains containing control and gfp expression constructs were used to infect J774A.1 macrophages. Bacteria and macrophages were cocultured for 24 h, washed, fixed, and 5) genes of F. tularensis LVS. Purified recombinant GFP (rGFP) (lanes 6 to 9) was titrated to demonstrate the relative levels of GFP detected by the monoclonal anti-GFP antibody. The total cellular protein loaded for each F. tularensis LVS strain was determined by a bicinchoninic acid protein assay. Approximately 4 to 12 g of total cellular protein was loaded per lane to detect GFP in the range of the recombinant GFP standard curve. Lane 2, 4 g; lanes 3 and 4, 8 g; lanes 1 and 5, 12 g. The Western blot is a representative example of three trials. (B) J774A.1 macrophage monolayers grown on coverslips were infected with F. tularensis LVS strains expressing GFP at an MOI of 1 as described in Materials and Methods. Cells were fixed after 1 day and incubated with a monoclonal F. tularensis anti-LPS antibody and subsequently with the Cy3-conjugated monoclonal IgG antibody before they were mounted onto slides. F. tularensis LVS strains carried pFNLTP1 (panels a to d), pFNLTP6 expressing gro-gfp (panels e to h), or pFNLTP6 expressing acp-gfp (panels i to l). Infected macrophages were visualized by Nomarski optics (panels a, e, and i), GFP fluorescence (panels b, f, and j), Cy3 fluorescence (panels c, g, and k), or GFP and Cy3 fluorescence (panels d, h, and l). incubated with the appropriate antibodies before analysis by fluorescence microscopy. A monoclonal F. tularensis anti-LPS antibody was used to provide a positive control for the fluorescent signal and to specifically localize the bacteria. Strains possessing either promoter construct (gro-gfp or acp-gfp) displayed GFP fluorescence (Fig. 4B, panels f and j) . In contrast, a strain containing a plasmid without a gfp reporter exhibited only background fluorescence (Fig. 4B, panel b) . The presence of F. tularensis LVS in all macrophage cultures was confirmed with the monoclonal antibody specific for F. tularensis LPS (Fig. 4B, panels c, g, and k) . Importantly, GFP fluorescence localized to the same area within the macrophage that was detected by F. tularensis LPS fluorescence (Fig. 4B , panels h and l). Consistent with the Western blot analysis, the GFP fluorescence was lower for F. tularensis LVS carrying the pFNLTP6 derivative expressing acp-gfp than for F. tularensis LVS carrying the pFNLTP6 derivative expressing gro-gfp (Fig.  4B, panels f and j) . Thus, pFNLTP1 derivatives can efficiently express exogenous genes in F. tularensis LVS. These experiments confirmed the intracellular expression of gfp within J774A.1 macrophages by F. tularensis LVS, which is consistent with previous studies performed with J774A.1 macrophages, as well as with Acanthamoeba castellanii (1, 15) .
Complementation of E. coli and F. tularensis LVS streptomycin-resistant (Sm r ) mutants by using pFNLTP1. The ability to complement chromosomal mutations is an essential step for confirming the phenotypes of constructed mutants. Since streptomycin sensitivity is dominant over resistance (24) , the utility of pFNLTP1 for complementation analysis was assessed. A spontaneous streptomycin-resistant isolate of F. tularensis LVS was selected on MH agar containing 100 g of streptomycin ml Ϫ1 . Amplification and DNA sequence analysis of rpsL from this streptomycin-resistant F. tularensis LVS strain demonstrated that a single base pair mutation (G to T), altering amino acid 43 (K43N), was responsible for the streptomycinresistant phenotype. Similar nucleotide mutations in rpsL are responsible for streptomycin resistance in other organisms (33, 37) . E. coli HB101, a known rpsL mutant, and F. tularensis LVS rpsL were complemented by using pFNLTP1 expressing the wild-type rpsL gene from F. tularensis LVS (rpsL LVS ) (Fig. 5) . E. coli HB101 or F. tularensis LVS rpsL strains or strains carrying the parent plasmid pFNLTP1 grew in the absence or presence of streptomycin (compare Fig. 5A , sector I, and Fig.  5B , sector I, as well as Fig. 5A , sector II, and Fig. 5B, sector II) . In contrast, E. coli HB101 and F. tularensis LVS rpsL strains containing pFNLTP1 expressing wild-type rpsL LVS were streptomycin sensitive when they were grown in the presence of the antibiotic (Fig. 5A, sector III, and Fig. 5B, sector III) . Thus, expression of rpsL LVS from pFNLTP1 complemented both E. coli HB101 and F. tularensis LVS rpsL mutants.
DISCUSSION
The use of genetic approaches to study the biology and pathogenesis of Francisella species has grown but remains significantly limited by inefficient techniques for introducing DNA into laboratory and clinical isolates, the instability of introduced clones or plasmids (3, 4) , and a general paucity of genetic tools for complementation, protein expression, or allelic exchange and transposon mutagenesis. To date, workers have constructed a variety of plasmids based on pFNL10, a cryptic plasmid isolated from the F. novicida-like strain F6168. The addition of antibiotic markers to pFNL10 resulted in a replicon that was selectable (pFNL200). However, plasmidbearing bacteria were adversely affected for survival when they were grown in vivo, limiting the utility of this construct for virulence studies (28, 29) . Moreover, pFNL200 derivatives replicate only in Francisella spp., which has a longer generation time and is less well characterized and developed than E. coli hosts (28, 29) . Second-generation plasmids that replicate in E. coli and Francisella hosts, including pKK202 and pKK214, have also been constructed (22, 27) . The transformation frequencies of these constructs appear to be up to 10 5 CFU g of DNA
Ϫ1
(27); however, the stability of these vectors in Francisella growing in vivo remains unknown. Furthermore, these plasmids carry antibiotic resistance markers that are not appropriate for use in some F. tularensis strains. Based on the precedent set by other workers, we constructed an E. coli-Francisella shuttle plasmid that contained expanded features useful for general cloning, complementation, and mutagenesis procedures. Plasmid pFNL10 was fused to the general cloning plasmid pCR2. (27, 28, 30) . A representative deletion derivative, pFNLTP1, was completely sequenced and was shown to be stable in F. tularensis LVS in the absence of selective pressure during in vitro and intracellular growth. Moreover, pFNLTP1 did not affect the growth of F. tularensis LVS in macrophages. Plasmid variants that contained a conditionally replicating origin and different sets of multiple cloning sites were also isolated and should be suitable plasmids for ectopic gene expression procedures, including complementation of chromosomal mutations in Francisella.
Understanding the genes retained or deleted after introduction of pTOPO/FNL10 into F. tularensis LVS may provide important insights into the rational design of the next generation of plasmid vectors. For four independent clones isolated in these studies, the segment of DNA deleted was variable but always involved the fusion junction between pCR2.1-TOPO and pFNL10 (Fig. 1) . This region included all or part of the f1 origin for single-stranded DNA propagation (pCR2.1-TOPO), all of orfm, all or part of orf4, and none or part of orf5 (pFNL10). Prior investigations aimed at constructing Francisella shuttle plasmids also resulted in a deletion derivative of pFNL200 designated pOM1 (29, 30) . The deletion in pOM1 included the chloramphenicol resistance gene from pBR328 and a region of pFNL10 containing orf4, orfm, part of orf5, and part of orf3 (29) . It is interesting that in these independent analyses, orfm and orf4 were consistently inactivated or deleted. orfm encodes a predicted 56-residue protein that exhibits no homology with known proteins. In contrast, orf4 is predicted to perhaps encode the toxin component of a plasmid addiction system based on its transcriptional and translational linkage with orf5. orf5 encodes an 86-residue protein that is homologous to the axe antitoxin of pRUM (axe-txe cassette) from Enterococcus faecium (17, 20) and the phd antitoxin of P1 (phd/doc) from E. coli (29) . It has been speculated that orfm may be a third or regulatory component of the predicted pFNL10 plasmid addiction system (29) . Addiction systems ensure segregational stability by generally expressing an unstable antitoxin-stable toxin combination. Plasmid-free cells, sometimes produced by replication errors or by defects in plasmid maintenance, inherit the toxin-antitoxin complex. Degradation of the antitoxin without new synthesis of the pair allows the release of toxin, resulting in cellular death or stasis and a reduction in plasmid-free competitors in the population (10, 20, 36) . The deletion derivatives isolated in these studies are consistent with the notion that orf5, orf4, and/or orfm may encode components of a plasmid addiction system since in each case the regulatory (orfm) or the toxin (orf4) components were inactivated, perhaps leading to stable maintenance of the remaining plasmid sequences.
The presence of the capsule has previously been shown to be a barrier to electroporation in F. tularensis LVS (3, 4) . During genetic manipulations of F. tularensis LVS, our strains maintained a smooth phenotype and were passaged minimally. Therefore, in our hands, the presence of a capsule did not appear to significantly interfere with the electroporation of pFNLTP1 (Fig. 2) . Plasmids derived from several hosts, including E. coli DH5␣, F. tularensis LVS, and F. novicida U112, were also tested for their efficiency of electroporation into Francisella. The host for pFNLTP1 plasmid isolation did not significantly affect the efficiency of transformation into F. tularensis LVS (Fig. 2) . This suggests that F. tularensis LVS does not have a restriction-modification system and is consistent with the absence of DNA methylation as determined by reversephase high-performance liquid chromatography (3). In contrast, a significant reduction in pFNLTP1 transformation efficiency in F. novicida U112 was observed when the plasmid was derived from E. coli DH5␣ or F. tularensis LVS (Fig. 2) . However, the transformation efficiency could be restored to high levels when pFNLTP1 was propagated first in an F. novicida host. Although contrary to previous reports (3, 4) , these data could be explained if F. novicida U112 possesses a restrictionmodification system. Restriction-modification systems have been shown to act in cellular defense against foreign DNA (21) . Although the transformation frequency was lower, the isolation and maintenance of a plasmid in F. novicida U112 suggest that even in the presence of a restriction-modification system, which might be encountered when researchers are working with F. tularensis type A clinical isolates, pFNLTP1 and its various derivatives should still be useful for delivering DNA constructs.
The isolation of expanded-utility derivatives of pFNLTP1 increases the flexibility of this plasmid for future use. pFNLTP1 derivatives containing expanded multiple cloning sites (pFNLTP5 to pFNLTP8) should be useful for cloning manipulations, including gene reporter studies or complementation analyses. The gfp reporter derivatives in pFNLTP6 described in this study confirm the ability of pFNLTP1 derivatives to express ectopic genes in vitro, as well as within macrophages (Fig. 4) . Furthermore, the ability to observe differential expression of gfp with either the groE operon or acpA promoters indicates that pFNLTP1 derivatives do not inherently affect expression of cloned genes (Fig. 4) . This is important when gene expression needs to be maintained at a specific level or when reporter systems are used to analyze promoter activity. In contrast, a temperature-sensitive derivative, pFN-LTP9, should prove to be useful as a delivery vehicle for allelic replacement or transposon mutagenesis studies in Francisella. The point mutation in repA responsible for the temperaturesensitive phenotype of pFNLTP9 is consistent with the requirement for repA for pFNL10 replication in Francisella (29) . Thus, pFNLTP1 derivatives should provide a suitable genetic platform for conducting a wide variety of genetic studies in Francisella, including investigations of Francisella pathogenesis.
pFNLTP1 shares several characteristics with the previously developed Francisella shuttle vectors pKK202 and pKK214, including the capacity to replicate in both Francisella and E. coli, the absence of undesirable effects on host strain virulence in vivo, and the ability to express genes ectopically. However, pFNLTP1 offers additional features not available on the other vectors that further enhance its utility. pFNLTP1 exhibits a higher transformation efficiency and can easily be introduced by standard electroporation procedures. This vector also expresses resistance to kanamycin and is therefore amenable to genetic studies in a wide variety of Francisella biotypes, including type A strains of F. tularensis. Derivatives of pFNLTP1 have also been constructed to carry expanded multiple cloning sites and a temperature-sensitive origin of replication, allowing 7518 MAIER ET AL. APPL. ENVIRON. MICROBIOL.
this vector to be easily manipulated for gene expression, complementation, and gene replacement studies.
The isolation and characterization of Francisella virulence factors have been limited previously by the lack of efficient genetic tools. The pFNLTP1 plasmid and its derivatives described in this study should increase the scope and flexibility of genetic studies that can be performed with Francisella spp. due to their stability, high transformation efficiency, and lack of undesired effects on growth.
